Background: Shared injecting apparatus during drug use is the premier risk factor for hepatitis C virus (HCV) transmission.
Introduction
Approximately 130-170 million people worldwide have been infected with hepatitis C virus (HCV), with 3-4 million new infections annually [1] . For the 75% of those infected who develop chronic infection, slowly progressive fibrosis culminating in cirrhosis and ultimately liver failure and hepatocellular carcinoma may follow. Transmission is predominantly parenteral -in the developed world this is primarily associated with sharing and reuse of injecting apparatus amongst people who injecting drugs (PWID) [2] . The cumulative lifetime prevalence of HCV infection in PWID is up to 90%, dependent on the duration of injecting drug use (IDU) [3] .
PWIDs have high rates of imprisonment due to the illegal nature of drug use, and the high rate of crime committed to fund drug dependence. For instance, almost half of Australian prisoners report a lifetime history of IDU and more than half are incarcerated for drug-related crimes [4] , with similar rates in the USA [5] . Accordingly, HCV infection is very common in custodial populations, with a seroprevalence of up to 80% amongst imprisoned PWID in Australia, USA, and UK [4, [6] [7] [8] .
, on behalf of the HITS investigators
To date, the per-event probability of HCV infection following an episode of sharing of an injecting apparatus remains unknown. This probability is dependent on multiple factors including: the availability of a clean and sterile injecting apparatus, and hence the likelihood of sharing and contamination of the apparatus with blood of the source(s); the prevalence of viraemia and the viral load in the source(s); and the capacity of the virus to survive ex vivo in the context of the injecting equipment. Transmission will also depend on preventative measures, such as the potentially virocidal effects of bleach cleansing of the injecting apparatus [9, 10] .
In this analysis, a quantitative estimate of the per-event probability of HCV infection associated with an IDU event involving sharing of injecting equipment (needle, syringe and other paraphernalia listed in Table 1 ) within the custodial environment was calculated from the Hepatitis C Incidence and Transmission Study in prisons (HITS-p), which is a longitudinal cohort of uninfected prisoners who report IDU, with a previously reported HCV incidence of 34.2 per 100 person years [11] . The estimates of the per-event probability of infection mirror the inherent uncertainty regarding the presence of HCV-contamination of the injecting equipment used during a sharing event. In addition, we also estimated the transmission probability, which assumes that the injecting apparatus is indeed infected with HCV.
Methods

Subjects
The ongoing HITS-p cohort was established in 2005 within correctional centres in New South Wales (NSW), Australia [11] . Data were available for this analysis from 500 enrolled prisoners who reported a lifetime history of IDU and had a negative HCV antibody test within the preceding 12 months. These prisoners (N = 500) were followed up in 26 centres, with a minimum of 10 interviews performed in each site. At enrolment, after written consent, demographic data as well as detailed information regarding risk behaviours for HCV transmission were recorded by structured interview in relation to the period 'since imprisonment' (see details of the interview in [11] ). In addition, HCV antibody and RNA testing were performed. Subjects were followed-up six-monthly whilst in prison recording risk behaviours 'since your last interview', as well as repeat antibody and RNA testing. Relevant institutional review board approvals were obtained. 
Subject selection
Two analyses on the HITS-p study cohort were conducted. Firstly, data were analysed from subjects who had confirmed HCV-uninfected status at enrolment into HITS-p and who were followed prospectively for a period of at least two years (N = 92). Inclusion criteria for this analysis were subjects who: had a negative pre-enrolment HCV screening antibody test; negative HCV antibody and PCR tests at enrolment; and who reported at least one IDU event during prospective follow-up after enrolment. A second analysis was conducted on a retrospective dataset covering the period since imprisonment until enrolment in the cohort (N = 106). We included subjects who reported IDU between imprisonment and enrolment, with an HCV antibody negative test at enrolment and were in prison for less than a year, or had been in prison more than a year at enrolment but were HCV antibody negative during the year before enrolment. For those subjects (N = 40) who were in prison for longer than one year, we considered only risk behaviours during 1 year prior to enrolment. Although the prospective and retrospective datasets were mutually exclusive, there were 34 subjects who contributed data (from different time periods) to both analyses. 
Estimated time of infection
The estimated date of infection for each incident case was calculated using the following algorithm: for subjects who seroconverted during follow-up, the midpoint between the date of the last HCV antibody negative sample and the first positive was utilised; for subjects who were viraemic, but HCV antibody negative, at the initial detection timepoint the date of infection was taken as the date of the last test minus 51 days [12] .
Estimated number of IDU and sharing events
During the risk behaviour interviews, subjects were asked to estimate the frequencies of IDU and of sharing during the designated interval being queried to allow coding of frequency intervals. For the prospective cohort, sharing was designated by a positive response to the query, 'Since your last interview, did you use injecting equipment after someone else had used it?' and the frequency by, 'Since your last interview, how often did you use equipment after someone else had used it?'. Both queries were coded as one of the following: 'never', 'less than monthly', 'monthly or more', 'weekly or more', 'daily', 'more than daily'. For the current analysis, these estimates were converted into numbers of events per week using three different assumptions, labelled 'conservative', 'intermediate' and 'progressive', where the assumed number of events per category was increased from conservative to progressive, such as 1 per week up to 6 per week for 'weekly or more' (see Table 2 ).
For the retrospective cohort, the number of injecting events was calculated as for the prospective cohort, from identical coded responses to the same question. However, for the number of sharing events a different set of coding categories was available, namely 'never', 'sometimes', 'most times', 'always'. This was interpreted as 0%, 25%, 75% and 100% of the estimated injecting episodes respectively (two types of sensitivity analysis were performed; see below). The estimates of the absolute number of events in the period being queried were therefore obtained by multiplying the number of events by the length of the time-period (i.e., the time between the last interview and either the estimated date of infection or the date of the interview, for the prospective cohort; for the retrospective cohort: from entry into prison to either estimated date of infection, or to baseline interview date) in which these events had occurred.
Maximum likelihood estimate (MLE) for per-event probability of infection
Data manipulation and statistical analyses were performed in the statistical package R v2.15.00 [13] . A maximum likelihood approach was used to estimate: i) the average per-event probability of infection during an episode of IDU with sharing of injecting equipment (with unknown infectious status of the source); and ii) the average transmission probability in the population with varied assumptions of the rate of actual contamination of the injecting apparatus with HCV. The estimate of the per-event infection probability (denoted b in equation 1) were obtained by maximising the likelihood function:
where h i = 1 if subject i became infected and 0 otherwise, and
the probability that subject i became infected during n i episodes of IDU or sharing. A simulation-based analysis was performed to obtain a probability distribution for estimates of the per-event probability. Briefly, we simulated 10,000 random sub-samples (see [14] for a similar approach), and in each of these, 'n' episodes were randomly sampled (with replacement) from the pool of the total episodes of sharing. Similarly, the transmission probability was inferred by multiplying the number of sharing events n i by the assumed prevalence of HCV-contaminated injecting equipment. Simulations were performed in Matlab (R2011b, MathWorks, Natick, MA).
Sensitivity analysis on sharing frequency
To assess the impact of the discrepancy between the high number of reported IDU events and the low number of reported sharing events (i.e., assuming under-reporting of sharing), the number of reported IDU events assumed to be associated with sharing was increased progressively from 15% to 100%. On each of these datasets, the MLE analysis was performed as described above. For this analysis, only the 'intermediate' quantification of the risk events (see above) was used to estimate the number of IDU events.
Sensitivity analysis on the sharing estimate in the retrospective cohort
We estimated the number of sharing events by interpreting 'always', 'most times', 'some times' and 'never' as 100%, 75%, 25% and 0% of the estimated number of IDU events. This is the 'intermediate' scenario listed in Table 2b . Other scenarios were also tested and the results are in Figure S1 . A second sensitivity analysis was performed; see Text S1 and Figure S2 .
Groupwise comparisons of the risk behaviour of incident cases and uninfected subjects were performed with a Mann-Whitney test with continuity correction.
Results
The prospective dataset included 92 subjects, who were predominantly male (N = 64; 70%), had a median age of 25 years (range 18 to 39 years), and had a median duration of IDU of 6 years (range 1 to 22 years). Table 1 summarises the demographic and risk behaviour characteristics of these subjects. There were 193 interviews available, corresponding to a total of 10,197 weeks of reported IDU and sharing events ( Figure 1A ). Sixty interviews (31%) recorded subjects reporting IDU daily or more, while in 79 (53%) interviews, there was at least one sharing event reported ( Figure 1A) . Almost all the IDU events involving sharing, include needle/syringe sharing (95%), while 45 (78%) of these also involved sharing of any element of the injecting paraphernalia. The median number of injecting episodes reported annually was 148 (IQR: 62-413) whereas the number of reported episodes of sharing of the injecting apparatus was 27 (IQR: 5-83) per year (excluding subjects who did not report sharing, both based on the intermediate estimates). During the two years of follow-up, 37 subjects became infected with HCV (40%), and all infected subjects reported IDU prior to the incidence time point; 22 of them also reported sharing during this period. A comparison of the risk behaviour of incident cases and uninfected subjects revealed a significantly higher number of IDU and sharing events among those that became infected (p,0.01 for IDU; p,0.05 for sharing).
The estimate of the per-event probability of HCV infection after IDU following a sharing event (b, see equation 1 in Materials and Methods) is 0.57% (CI: 0.32%-1.05%, see Table 3 ). Notably, higher values were obtained when a conservative estimate of the number of risk behaviour events was assumed from the categorised period prevalence data from the interview. As a sensitivity analysis, the MLE estimates were repeated on simulated data where the number of IDU events that involved sharing, s, was assumed to vary between 15-100%. This revealed a substantial variability in the estimates for low values of s (,20%), whereas higher s values led to tighter estimates. The actual data for reported sharing corresponded to a scenario of around s = 30% (labelled ''Reported'' in Figure 2A) . The estimate associated with the assumption that all IDU events were actually associated with sharing was 0.17% (95% CI: 0.11%-0.25%).
An estimate of the transmission probability (i.e., the probability of infection during a sharing event with contaminated injected apparatus) can be derived from the per-event probability of HCV infection and the proportion of shared equipment contaminated with HCV. The transmission probability is highly dependent on the prevalence of viraemia in the source(s) with whom sharing occurs, and blood contamination of the needle and syringe, as well the use and effectiveness of cleaning strategies such as bleaching. A sensitivity analysis was performed to assess the effect of variations in the proportion of shared equipment contaminated with HCV (ranging from 10% to 90%) on transmission. The increase in the prevalence of viral contamination of the shared injecting apparatus corresponded to a gradually decrease in the estimates of the transmission probability in the range of 0.5-6% ( Figure 2B ).
The per-event probability of HCV infection following a sharing event was estimated using the same approach in the retrospective dataset (N = 106). This analysis included data from 75 males (71%), with a median age of 24 years (range 18 to 48 years), and a median duration of IDU of 6 years (range 0 to 34 years). Table 1 summarises the subject characteristics. In this group, 77 (73%) subjects reported sharing events ( Figure 1B) , and 63 (82%) reported doing so only after bleaching the shared equipment. Of these, 99% reported sharing needle/syringe, and 75% reported sharing other components of the paraphernalia. The mean number of injecting episodes reported annually was 83 (median 6, range 6-572), coinciding with more than half of the subjects reporting IDU less than monthly, whereas the mean number of reported episodes of sharing of the injecting apparatus was 47 (median 8, range 2-429) per year.
There were 15 subjects who became infected with HCV between imprisonment and enrolment into HITS-p (14%), of whom 10 reported difference in the risk behaviour of incident cases and uninfected subjects (p.0.5 for IDU; p.0.5 for sharing). The MLE estimate for this group was 0.42% (0.17%-1.48%), comparable to the prospective dataset ( Table 3 ). The MLE analysis was repeated on simulated data where the number of IDU events that involved sharing, s, was assumed to vary between 15-100% (Figure S1 B) . The actual data for reported sharing corresponded to a scenario of s = 55%, whereas the MLE estimate for the per-event probability of HCV infection was 0.26% (0.13%-0.50%) if all IDU events were assumed to be associated with sharing.
Similarly, a second sensitivity analysis was performed to assess the effect of re-coding the quantitative categorical data regarding the number of IDU and sharing events on the estimated per-event probability of HCV infection. Nine scenarios were considered, corresponding to all possible combinations of conservative, intermediate and progressive values for both IDU and sharing events ( Figure S1A , Table 2 ). Overall, the MLE estimates remained within a range of 0.26%-0.72%, with 95% CIs in the range 0.11%-3.8%. A higher estimate of the number of IDU events (progressive) corresponded to a gradual decrease in the MLE estimates. On the other hand, MLS estimates were higher when the number of IDU events involving sharing was assumed within the conservative range.
A third sensitivity analysis was also performed to assess the effect of the estimates for the proportion of IDU events involving sharing of injecting apparatus from the four categories 'never', 'sometimes', 'most times', 'always' (initially interpreted as 0%, 25%, 75% and 100% of the IDU event count, see Methods). In this analysis (Text S1), we have considered a range rather than a fixed proportion for each of these categories (excluding 'never' which Figure 2 . A. Sensitivity analysis to assess the effect of under-reporting of sharing during IDU. Modelling of the effect of under-reporting of sharing during IDU on the estimate of the per-event probability of infection during IDU with shared equipment. On the x-axis, the proportion s of IDU events that are also sharing events is represented. Boxplots represent the simulation-based distribution of the MLE for the estimate (for comparison, the actual result from the reported sharing distribution in the cohort is also reported). B. Boxplots representing the distribution of the MLE for the transmission probability in the population, as a function of the assumed proportion injecting equipment actually contaminated with HCV. doi:10.1371/journal.pone.0100749.g002 was kept to 0%). This analysis revealed there was only a minimal effect on the estimate of the per-event probability, and as expected the confidence intervals increased with the broader range of values assumed for the number of sharing events ( Figure S2 ).
Discussion
This analysis provides, to our best knowledge, the first quantitative estimates of the per-event probability of HCV infection following an IDU event with sharing of injecting equipment (0.57%, 95% CI: 0.32%-1.05%), and of the transmission probability (0.5-6.0%) dependent on the assumed prevalence of HCV-contaminated injecting equipment.
The majority of existing estimates (Table S1 ) of the per-event probability of HCV infection relate to healthcare settings with needle stick injury (NSI). Within these reports, the number of NSI events within the cohorts is often incompletely recorded, and the associated source(s) generally only include those with confirmed HCV antibodies (i.e. sources with unknown status are not included). Furthermore, the viraemic status of the source(s) was recorded in only very few studies. Thus, these estimates are most comparable to the estimate of the transmission probability in the population reported here, as it is reasonable to assume that the majority of antibody positive NSI source subjects are indeed viraemic. Nevertheless, the pooled transmission probability estimate of HCV infection associated with NSI calculated from the published reports was 0.63% (95% CI: 0.5%-0.8%; reported range 0%-10%, Table S1 ), which is in the lower ranges of the transmission probability associated with IDU and sharing that is reported here. Of note, in the NSI setting, the depth of injury is an independent predictor of HCV transmission [15, 16] . A possible explanation for this difference in transmission probability could be related to significant injury caused by re-used and dull needles during an IDU act; especially in prison, where injecting drugs remains illegal. However, our estimates -as well as those based on NSI -are characterised by large confidence intervals, likely driven by a number of unresolved factors that could influence the estimates. For instance, the common lack of information regarding the viraemic status of the source, or the time-interval between the transmission event and the follow-up interview timepoint where infection was detected (up to 6 months, and up to 12 months in the two datasets reported here). Risk behaviours may also vary over these time periods, therefore our estimates should be regarded as average values over this period of time. These average estimates also do not account for heterogeneity in the type of sharing contacts, and the contribution of specific injecting equipment (needle/syringe, other injecting paraphernalia).
The estimates of the per-event probability of infection presented here are generally consistent with those obtained via mathematical modelling analyses that are in the range 1-3% [17, 18] . In particular, despite different approaches, the lower range estimate reported here of approximately 1%, is consistent with previous modelling-based estimates that accounted for an empirically defined social networks among PWID [18] . In this previous analysis there was a similar estimate for the distribution of weekly sharing events, but the model allowed testing of the effect of a welldefined distribution of per-contact events among PWID in Melbourne, Australia. Furthermore, a simulation-based analysis of HCV transmission among PWID in Glasgow, Scotland, revealed a lower, but significant, contribution to HCV transmission derived from injecting paraphernalia as opposed to the needle/syringe [17] . In the current analysis, the vast majority of sharing events involved the needle/syringe (Table 1) , as expected in a prison setting where injecting equipment is scarce -therefore it was not possible to dissect the contributions of specific elements of the injecting apparatus. A meta-analysis of the literature on HIV-1 infectivity revealed a range of transmission probabilities for transmission during parenteral exposure falling between 0.63% and 2.4%, with a median of 0.8% [19] . The estimates of the transmission probability of HCV reported here range from 0.5% to 6%, depending heavily on the percentage of injecting equipment that is contaminated during shared use. Accurate information regarding the contamination of the injecting equipment is needed to make conclusive comparisons between HIV and HCV infection via this route.
In the Australian custodial population where this study was based, among prisoners with a history of IDU, the seroprevalence of chronic HCV infection is approximately 40% amongst males, and 80% amongst females -of whom the majority are viraemic [4, 20] Hence, the prevalence of viraemic individuals from whom transmission may occur is large. Currently, the only available prevention strategies in this setting are MMT (or buprenorphine) to reduce the frequency of injecting events amongst opioiddependent PWID, and bleach cleansing of the injecting apparatus to reduce the likelihood of transmission. In the data reported here, the majority of subjects reported recent heroin use (,70%), whereas only a minority (,20%) were receiving MMT. A previous report from this setting has demonstrated that adequate MMT (. 60 mg) is associated with a reduction in IDU [21] . A previous survey of 161 PWID conducted in the custodial setting revealed that only 3% of subjects reported that no other person had used the injecting equipment before them in their most recent injecting event in prison, and only 35% reported having never used injecting equipment after another person [20] . Although it is possible that the number of sharing events reported here are genuine as the availability of clean injecting equipment may vary between different custodial centres and in different periods of time, these data suggest that in the current study, the rate of sharing during IDU recorded is likely to be an underestimate of the actual rate, and hence the estimated transmission rates are likely to be relative over-estimates. In fact, the per event probability estimates, based on the assumption that all IDU events involve sharing, are respectively three (prospective cohort) and two (retrospective cohort) times smaller than the per event probability estimates based on the self-reported number of shared events.
Laboratory studies have suggested that the per-event probability of infection is also likely to be affected by the half-life of HCV in the injecting apparatus. These experiments showed that the virus can survive beyond one day, but the viral titre decays over hours [10] . However, there is no real-world data supporting these laboratory simulations. In addition, the efficiency of bleach cleansing is likely to be relevant, as it has been shown that commercially available disinfectants can rapidly eliminate viable virus to undetectable levels on inanimate surfaces [9] . Although bleach is readily available in the custodial setting reported here, IDU is punishable. Hence, there is a high probability that the cleansing process is rapid and furtive -and therefore potentially inadequate, as is reflected by the high incidence rate in the cohort.
Our study is limited by the categorical nature of the questionnaire responses. We have assessed this issue by interpreting these responses in three different manners, leading to a conservative, progressive and 'intermediate' analysis of the data (see Results). Accordingly, the estimated risk of HCV infection was also estimated with a reduction in the number of categories to two, namely ''weekly or more'' and ''less than weekly''. This reclassification did not significantly affect the estimates of the perevent probability (data not shown), thus reinforcing the robustness of the approach. Another limitation is the absence of data regarding episodes of men having sex with men, as this was not included in the questionnaire. However, the risk of sexual transmission of HCV is considered low, at least in the absence of HIV, and probably negligible when compared to the direct blood-to-blood contact occurring during sharing of needles [22] .
Given the low per-event risk of infection, this analysis suggests that an important strategy to reduce HCV transmission would be to reduce the number of sharing events, in addition to employing strategies aimed at reducing the per-event risk (e.g., by bleaching). This may be accomplished by implementing needle/syringe exchange programs, intensive rehabilitation, bleach and other decontamination strategies, or by increasing coverage of opioid substitution programs. Comparable analyses are warranted in community-based cohorts, notably in settings where there is ready access to needle and syringe exchange in order to estimate the protective effects. These transmission estimates will inform planning and evaluation of prevention strategies for the HCV epidemic in both community and custodial settings.
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Figure S1 Sensitivity analyses to assess the effect on the perevent probability of infection of the re-coding and of underreporting of IDU sharing events in the retrospective cohort. (TIF) Figure S2 A second sensitivity analysis to assess the effect on the per-event probability of infection of the quantitative estimates of the number of sharing events from the categorical data of the retrospective cohort. The x-axis shows the seven scenarios described in the Table in the Text S1, where we translate the qualitative assessment of frequency of sharing into a range of rather than a fix number representing the proportion of IDU events involving sharing. For each of this seven scenario -from the narrower to the broader range of estimates -we simulated 1000 datasets with estimates of the number of sharing events for each subject, assuming the intermediate IDU estimate as shown in Table 1B . The estimates on the per-event probability shown on the y-axis indicate a broader but comparable range of values consistent with the larger range of estimates assumed for the number of sharing events (see Text S1 for details). (TIFF) Text S1 Sensitivity analysis to assess the effect on the estimates of the per-event probability of the quantitative estimates for the proportion of IDU events involving sharing injecting apparatus in the retrospective cohort. (DOCX)
